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Abstract Very high energy γ-ray astronomy based on
the measurement of air shower particles at ground-level
has only recently been established as a viable approach,
complementing the well established air Cherenkov tech-
nique. This approach requires high (mountain) altitudes
and very high surface coverage particle detectors. While
in general the properties of air showers are well es-
tablished for many decades, the extreme situation of
ground-level detection of very small showers from low
energy primaries has not yet been well characterised for
the purposes of γ-ray astronomy. Here we attempt such
a characterisation, with the aim of supporting the op-
timisation of next-generation γ-ray observatories based
on this technique. We address all of the key ground level
observables and provide parameterisations for use in de-
tector optimisation for shower energies around 1 TeV.
We emphasise two primary aspects: the need for large
area detectors to effectively measure low-energy show-
ers, and the importance of muon identification for the
purpose of background rejection.
Keywords Gamma-ray astronomy · extensive air
showers
1 Introduction
In the past two decades VHE γ-ray astronomy has be-
come established as a rich astronomical discipline, based
primarily on observations with Imaging Atmospheric
Cherenkov Telescope (IACT) arrays. However, given
the limitations of IACTs in terms of Field-of-View (FoV,
typically a few degrees diameter) and duty cycle (lim-
ited to typically 10 − 15%), new approaches are being
ae-mail: harmscho@mpi-hd.mpg.de
developed to provide very large field of view and con-
tinuous observations. The direct detection of extensive
air shower (EAS) particles at ground level is the most
obvious complementary approach. Air Shower Parti-
cle Detectors (ASPDs), can observe a large fraction
of the overhead sky at any given time and, with their
close to 100% up-time, can survey roughly 2/3 of the
sky on a daily basis. However, since they measure only
the ground-level properties of air showers, the accuracy
with which they reconstruct the properties of the pri-
mary γ-ray is typically significantly worse than is the
case for IACTs. Typical ASPD (IACT) performance
values around 1 TeV are angular resolution 0.4◦ (CF
0.06◦), hadron rejection efficiency 99% (CF 99.9%) and
energy resolution of 50% (CF 10%) — see [1,2,3,4,5].
During their propagation through the atmosphere,
the number of particles in the air shower grows due to
production of secondary particles until an atmospheric
depth Xmax. After this maximum, the energy content of
the shower declines as ionisation losses dominate over
new particle production. ASPDs are typically located
at high altitude sites to be as close to Xmax as possible
and maximise the particle count per shower, improving
the detection efficiency and accuracy. Ground-based γ-
ray astronomy relies on discrimination of γ-rays from
the dominant background of cosmic ray protons and nu-
clei on the basis of air shower characteristics. The most
obvious differentiating characteristic of hadronic versus
purely electromagnetic (EM) cascades is the presence of
pions, and subsequent production of muons in pion de-
cay as well as EM sub-showers. For a recent detailed re-
view of the properties of air showers we refer the reader
to [6].
Several instrumentation approaches have been used
for ASPDs at different observatories around the world:
the Tibet AS-γ experiment [7] used scintillator-based
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2detectors, ARGO-YBJ is based on Resistive Plate Cham-
bers (RPCs) [8], but up to now, the most successful
technique in terms of sensitivity, angular and energy
resolution is the water Cherenkov technique introduced
in MILAGRO [9] and currently implemented in the
High Altitude Water Cherenkov (HAWC) γ-ray obser-
vatory [10]. HAWC has reached the critical sensitiv-
ity required to detect γ-ray sources in significant num-
bers [11]. There is now a significant push towards an
ASPD in the Southern Hemisphere, with a wide range
of technologies being explored [12,13,14,15,16,17]. Here
we study the properties of γ-ray and background show-
ers at around the threshold where the ASPD approach
becomes possible for a high altitude detector, focussing
on aspects that influence the design and utilisation of
such a detector.
2 Simulations & Atmospheric Propagation
γ-ray and proton induced air showers are simulated us-
ing the CORSIKA (COsmic Ray SImulations for KAs-
cade) 7.4005 package[18]. Within the CORSIKA pack-
age, the hadronic interaction event generator FLUKA
is used, in combination with the QGSJet-II model for
high-energy interactions, with electromagnetic interac-
tions based on EGS4. A set of fixed energies in the range
between 50 GeV and 5 TeV and several fixed zenith an-
gles in the range between 0◦ and 60◦ are simulated. For
each energy and zenith angle a range of detector eleva-
tions from 3.5 km to 6.0 km above sea level are con-
sidered, covering the plausible range for a future ASPD
observatory. For the charged background of cosmic nu-
clei we consider only protons, as they likely provide the
dominant source of background events in ASPD γ-ray
observatories in this energy range.
The parameter that drives the number of interac-
tions and energy losses in the shower development is
the amount of material that the particles in the EAS
traverse during their propagation through the atmo-
sphere, the slant depth, given by the line integral over
the atmospheric density ρatm from a location of alti-
tude z above sea level in the direction of shower origin:
X(z, θ) =
∫ z
∞ ρatm(z
′, θ) cos θdz′, where θ is the zenith
angle. Figure 12 in Appendix A provides a reference for
the relationship of slant depth to altitude (z) and zenith
angle θ for the US standard atmosphere density profile,
for use in interpreting the results given gere in terms
of slant depth. At all feasible altitudes for an observa-
tory in this energy range, shower maximum typically
occurs well before the shower reaches the ground. The
dependency of the average value of Xmax on energy,
usually called the elongation rate, can be parameterised
as 〈Xmax〉 = a + b log10(E/GeV) [19,20], where E is
the energy of the primary particle. For simulated γ-ray
showers we find a = 98 g cm−2 and b = 83 g cm−2 and
for proton primaries a = 111 g cm−2 and b = 74 g cm−2.
This means that for an observatory at an altitude of
5 km a 100 GeV (1 TeV) γ-ray induced shower from
zenith is on average 7.7 (5.5) radiation lengths beyond
the atmospheric depth at which it reached Xmax, imply-
ing very few particles reaching ground-level and large
fluctuations.
3 Ground-level Particles
The vast majority of the energy in EASs is carried to
the ground by photons, electrons and positrons (here-
after simply electrons), and muons (µ+ and µ−). Fig-
ure 1 shows for each of these particle types the distri-
bution of the fraction of the total energy arriving at the
ground (xgr = Ei/Egr) for 100 GeV and 1 TeV proton
and γ-ray primaries. For γ-ray showers the well-known
dominance of photons is apparent, as well as the occa-
sional production of (and even very occasionally the en-
ergetic dominance at the ground of) muons. For proton
initiated showers the majority of the arriving energy is
typically in the form of muons. For both primary parti-
cle types huge fluctuations are evident at these energies,
as expected due to the small number of particles reach-
ing the ground. We note that the category “other” is
dominated by protons and neutrons, which can carry a
significant fraction of the energy in rare cases.
The distributions of individual particle energies at
ground-level are very different for muons with respect
to electrons and photons, as illustrated in Figure 2.
The peak of the energy distribution in terms of number
per log energy interval(dN/d logE) is around ∼6 MeV
for photons, ∼20 MeV for electrons and 2–3 GeV for
muons. In terms of total energy per log interval (EdN/d logE)
the peak lies at ∼150 MeV for photons, ∼600 MeV for
electrons and 30–40 GeV for muons.
Many ASPDs make use of calorimetric detectors
that are sensitive to the total ground-level electromag-
netic energy (Eem), rather than the number of elec-
trons. Muons, in contrast, rarely loose a significant amount
of their energy in typical detectors and hence their num-
ber (Nµ) is the relevant quantity. Figure 3 shows the
distributions of muon number Nµ versus electromag-
netic energy Eem for proton and γ-ray initiated show-
ers of several energies. A large difference in Nµ at fixed
Eem between γ-ray and proton induced EASs is appar-
ent, with useful separation power appearing at energies
above about 1 TeV provided both of these quantities
can be adequately measured.
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Fig. 1 Distribution of the fraction xgr = Ei/Egr of the total
energy that reaches ground Egr per particle type i. γ-ray and
proton induced vertical EASs with 100 GeV (top panel) and
1 TeV energies (bottom panel) are shown for an altitude of
5 km above sea level.
4 Parameterisation of Electromagnetic Energy
at Ground
Figure 4 shows the distribution of the fraction of the
primary energy which reaches the ground in the elec-
tromagnetic part of EASs (xem) for different energies
and primaries. It is clear that for proton-initiated show-
ers not only does less electromagnetic energy reach the
ground, but that fluctuations from shower to shower
are a lot larger than for γ-ray showers. This is espe-
cially the case for the lowest energy showers consid-
ered, where just a few muons may carry the majority
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Fig. 2 Number density (top) and energy density distribu-
tions (bottom) of ground-level particles for showers initiated
by primary protons of three energies, solid lines correspond to
1 TeV primary energy, dashed lines to 10 TeV, and dashed-
dotted lines to 100 GeV. The distributions of the 10 TeV case
have been scaled down by a factor of ten, while the 100 GeV
curves have been multiplied by a factor of ten.
of the total energy at ground. In addition, we observe
that the quantity log10(xem) follows an approximately
Gaussian distribution. Therefore, the distributions in
log10(xem) can be parametrised reasonably well by only
the root mean square (rms) σ(log10(xem)) and the mean
〈log10(xem)〉 of the distributions.
The resulting characterisation of the distributions of
shower xem as a function of the slant depth is shown in
Figure 5 for γ-ray, and in Figure 6 for proton, initiated
showers. As expected, the mean Eem decreases rapidly
with increasing slant depth. For the lowest energy show-
ers this results in a fraction of simulated showers with
no particles arriving at the ground. If this fraction is
more than 10% of the total sample, we omit the sample
completely from Figures 5 and 6. The dependencies of
the mean and the width of the distributions on slant
depth are reasonably well described by first or second
order polynomials as illustrated by the fit functions rep-
4Fig. 3 Distributions of the number of muons within 100 m of
the impact point as a function of ground-level electromagnetic
energy for vertical showers observed at 5 km altitude. Proton
(blue) and γ-ray (red) initiated showers of different energies
are shown, with the area of the squares scaling linearly with
density.
resented by the lines in Figures 5 and 6. The fit param-
eters are given in Appendix B.
Well above detection threshold effects, the collec-
tion area of an ASPD for well-measured showers can be
considered equal to the projected footprint of the ar-
ray. Around the threshold however, the collection area
is strongly zenith angle and primary energy dependent,
with showers fluctuating deep in the atmosphere pro-
viding some collection area at the lowest accessible en-
ergies. To first approximation the detectability of a γ-
ray shower at ground level depends on the arriving EM
energy Eem, and the collection area on the fraction of
showers that have Eem above a threshold value for a
given primary energy and slant depth. In Figure 7, this
fraction is shown as a function of slant depth, with
an assumed threshold Eem >10 GeV. This threshold
has been chosen as an example of an optimistic detec-
tion threshold for a future observatory. Figure 7 com-
pares the results of the full Monte-Carlo shower simu-
lations (markers) with the parameterisations given in
Appendix B (lines, see Figures 5 and 6). The agree-
ment between the full Monte-Carlo and simple param-
eterisation is reasonable, illustrating the usefulness of
the parameterisations. As for Figures 5 and 6, the de-
pendency on slant depth is typically stronger for the
γ-ray induced air showers, which is expected for pure
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Fig. 4 Distributions of the electromagnetic energy that
reaches the ground at 5 km altitude for vertical showers, ex-
pressed as a fraction of the primary particle energy xem =
Eem/E. γ-ray initiated showers are shown in the top panel
and protons in the bottom panel.
electromagnetic cascades. We would like to remark here
that the behaviour is very smooth as a function of slant
depth, while individual markers at similar slant depth
correspond to a wide range of zenith angles.
5 Lateral Extent
In addition to the total Eem that reaches the ground,
the area over which this energy is spread is a crucial
parameter in shower detectability for a given array de-
sign. We adopt the radius r50, in which 50% of the
total electromagnetic energy that reaches the ground is
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Fig. 5 Dependence of fractional electromagnetic energy ar-
riving at ground xem = Eem/Eγ on slant depth, for primary
γ-rays of different energies. The top panel shows the depen-
dence of the mean of the log10(xem) distribution, while the
bottom panel shows the behaviour of the rms (σ) of the same
distribution.
contained, as an indicator of the shower extent. r50 is
calculated in the plane perpendicular to the direction of
propagation of the primary particle. The choice of 50%
rather than a larger containment fraction is motivated
by the large values obtained even for half containment
for low energy showers, as described below. We note
that the Molie`re radius contains approximately 90% of
the energy in the full electromagnetic cascade [21]. In
air at 5 km above sea level the Molie`re radius Rm is
approximately 130 m.
Figure 8 illustrates the relationship of the parame-
ter r50 to several other related EAS characteristics.For
a fixed primary energy, r50 depends on the stage of de-
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Fig. 6 Dependence of fractional electromagnetic energy ar-
riving at ground xem = Eem/Ep on slant depth, for primary
protons of different energies. The top panel shows the depen-
dence of the mean of the log10(xem) distribution, while the
bottom panel shows the behaviour of the rms (σ) of the same
distribution.
velopment of the EAS, which can be clearly observed
from the correlations with the EAS parameters shown
in Figure 8. From the behaviour of r50 with respect
to the number of particles at ground N (panel a) it
is clear (at least for 5 TeV showers) that the small-
est values of r50 are provided by showers which reach
ground-level before reaching their maximum develop-
ment1. However, this effect is not so clear from the re-
lationship to shower maximum Xmax (panel d) as ob-
tained by fitting the longitudinal shower development
within the simulation package. The reason for this is
1Note that such showers are rare, lying outside the 90% range
of r50 indicated in the inset of Figure 8b.
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Fig. 7 The fraction of showers that have Eem > 10 GeV as
a function of slant depth. Top: γ-ray induced showers. Bot-
tom: proton induced showers. The markers are obtained from
the full simulation set, while the lines are obtained using the
parameterization based on the fitted behaviour from Figure
5 and 6.
presumably the difficulty of extrapolating the longitu-
dinal profile to a below-ground Xmax, in particular for
small showers with significant fluctuations. For showers
that reach Xmax well before arriving to the ground r50
does show the expected correlation with shower maxi-
mum.
A better handle on the stage of EAS development
might be obtained by the energy Emax (panel c) of
the most energetic single electromagnetic particle in
the shower at ground, which correlates to the number
of interactions in the EM-cascade before the ground is
reached. Whilst Emax is not a straight-forward param-
eter to measure, Figure 8 indicates that both it and r50
may be very useful observables as indicators of the stage
of shower development. This idea is reinforced by the
fact that the behaviour of r50 with the fraction of en-
ergy arriving at the ground (Figure 8 b) is very similar
for the two primary energies illustrated.
Figure 9 shows the dependence of the median r50
on slant depth, indicating again the very large typical
extent of showers well beyond shower maximum. Again
the relationship is fit with a second order polynomial
and the best fit parameters provided in Appendix B
for both gammas and protons. For the lowest energy
showers, fluctuations are very large and the trends are
less clear, but clearly the typical extent is very large in
comparison to the traditional regime of air shower mea-
surements. For higher energy showers closer to Xmax we
find that the 90% energy containment radius r90 is close
to the Molie`re radius as expected.
The deviation from this behaviour as the shower
peters out is consistent with the disappearance of par-
ticles at or above the critical energy from which the
Molie`re radius is defined, with subsequent rapid multi-
ple scattering and large displacements from the shower
axis for the remaining low energy electrons. As an ex-
ample, considering 100 GeV γ rays with a typical r50 of
150 m, it is apparent from Figure 8 that such showers
have typically 100 particles sharing about 2 GeV of ki-
netic energy and no particles with energy > 200 MeV.
Another consequence of the low particle number and
large scattering is that the lateral distribution of parti-
cles becomes very flat and with very large fluctuations.
In general we find that r90 ∼ 6r50, but again with large
fluctuations for the low energy cases. To give an in-
dication of the typical appearance of showers of these
energies at ground-level, Figure 10 compares the lat-
eral distribution of EM energy for example γ-ray initi-
ated showers of different energies. For the 1 TeV exam-
ples the distributions are clearly centrally peaked and
rather similar, but at 100 GeV fluctuations are very
large, shower-to-shower difference are very large, and
no clear shower core may be present.
6 Muon Number
As is clear already from Figure 3, the number of muons
at ground relative to electromagnetic energy provides a
powerful discriminant between γ-ray and proton show-
ers. As well as the number of arriving muons, the lat-
eral extent of muons is a key consideration. Due to the
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Fig. 8 Relationship of the lateral extent parameter r50 to other shower parameters for vertical EAS observed at 5 km altitude.
Results are shown for γ-ray (left panels) and proton (right panels) primary particles simulated at two different energies. From
top to bottom the following EAS parameters are shown: a) The average number of particles at ground with energy of more
than 1 MeV. b) Average EM energy at ground. In addition, the bands on this panel indicate the range that contains 90%
of r50 values. c) The maximum energy of a single EM-particle (e±, γ). d) Depth of shower maximum, obtained from the fit
routine within CORSIKA. The parameters shown in a), b) and c) are scaled with the energy of the primary particle.
significant transverse momentum of their parent pions,
muons are often present at rather large distances to the
shower axis, and indeed for showers in the energy range
considered here, the shower axis is often poorly defined
based on ground-level observables. Here we consider the
distance of muons from the barycentre of the electro-
magnetic particles in the shower, as the key factor for
discrimination is the association of a given muon with
8600 800 1000
]2Slant Depth [g/cm
0
50
100
150
200
 
[m
] (
me
dia
n)
50r
gamma E=5 TeV E=1 TeV
E=0.5 TeV E=0.1 TeV E=0.05 TeV
600 800 1000
]2Slant Depth [g/cm
0
50
100
150
200
 
[m
] (
me
dia
n)
50r
proton E=5 TeV E=1 TeV
E=0.5 TeV E=0.1 TeV E=0.05 TeV
Fig. 9 Lateral shower extent parameter r50 as a function of
slant depth. The points correspond to the median value of
r50. The top panel shows the dependency for γ-ray showers
while the behaviour for protons is shown in the bottom panel.
The results of fitting a second order polynomial are shown as
solid lines, fit parameters are given in Appendix B.
the EM-component of the shower. Given the rather high
rate of background muons unassociated to any shower
at ground, it is unlikely that the association of a single
muon can be used for discrimination purposes. In the
following we focus on the fraction of showers in which at
least two muons reach ground level, within radii, 50 m,
100 m and 200 m, of the EM centroid. Figure 11 il-
lustrates these fractions as a function of both primary
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Fig. 10 Electromagnetic energy density ρ as a function of
distance to the shower axis for four sample vertical γ-ray in-
duced showers of two different energies observed at an altitude
of 5 km.
energy and electromagnetic energy at ground for pro-
ton initiated showers. In addition, we provide here for
reference the equivalent γ-ray energies which result in
the same mean Eem for this zenith angle and altitude.
As showers are observed at progressively larger slant
depths, the beam of muons broadens and an increasing
number of muons decay before reaching the ground,
both effects leading to a lower muon count per unit
area. The upper panel of Figure 11 illustrates this re-
duction in muon number per unit area with decreased
observation altitude, but as is clear in the lower panel
of this Figure, the attenuation effect is much stronger
for the electromagnetic component. It is apparent that
a detector linear scale of 50 m is needed to exploit
muons for background rejection for γ-rays below 1 TeV.
7 Implications for Array Design
For altitudes much above 5 km it becomes extremely
difficult to find a suitable site for a γ-ray observatory.
It therefore seems likely that a future observatory must
be designed to deal with being ∼6 radiation lengths
below Xmax even for vertical showers. For primary γ-
rays below 1 TeV this translates to low typical ground-
level particle energies and hence as large, and strongly
fluctuating, shower footprint (see Figures 8 and 10).
Given that the nominal 10 GeV ground-level EM energy
threshold assumed for Figure 7 is already extremely
challenging, an array on a scale significantly larger than
r50 (i.e.∼100 m), and with fill factor approaching 100%,
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Fig. 11 Top: fraction of proton induced showers that have
more than two muons within 50/100/200 m distance of the
shower EM barycentre as a function of primary particle en-
ergy. Bottom: the same fraction but as a function of the elec-
tromagnetic energy brought to the ground (Eem). The upper
label for the abscissa indicates the average energy of a verti-
cal incoming γ-ray primary which results in the same Eem as
observed at 5 km altitude.
is needed for γ-ray astronomy at these energies. For
hadron rejection based on muon identification the rele-
vant scale is even larger as can be seen from Figure 11.
A detector on the scale of HAWC detector (array area
∼20,000 m2) will typically detect only a modest fraction
of the arriving EM energy of a sub-TeV shower and a
small fraction of the muons in a background TeV proton
shower. Given the absence of a clear core for many far-
beyond Xmax low energy showers (see e.g. Figure 10)
morphology-based hadron rejection will be extremely
challenging and clear muon identification appears to be
a promising approach for most of the energy range con-
sidered here. Figure 11 indicates that muon counting
can be exploited for γ-ray energies as low as 300 GeV
with a sufficiently large array.
8 Conclusions
The parameterisations of proton and γ-ray showers at
ground level presented here should prove useful in the
design of next generation γ-ray observatories based on
ground-particle detection. In the shower tail, far be-
yond Xmax where sub-TeV measurements are possible,
the typical extent of showers becomes very large and
large array footprint as well as close to 100% fill factor
is required. The tagging of individual muons offers an
opportunity for background rejection even in the sub-
TeV regime, where the very large fluctuations in γ-ray
showers at ground will make rejection based on the lat-
eral distribution of particles very difficult.
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Fig. 12 Slant depth at ground level as a function of altitude
and zenith angle for a US standard atmosphere. Each contour
indicates a 50 g cm−2 change.
Figure 12 provides a reference for slant depthX(z, θ) =∫ z
∞ ρatm(z
′, θ) cos θdz′ versus zenith angle and observa-
tion altitude for a US standard atmosphere.
Appendix B
In Table 1 we include the fit parameters from Figures
5 and 6. These parameters can be used to derive the
mean and standard distribution of the distributions at
〈log10
(
Eem
Eγ
)
〉 p0 p1 p2
50 GeV 6.18e-01 -2.51e-03 -3.20e-06
100 GeV 5.32e-01 -1.99e-03 -3.11e-06
500 GeV 5.46e-01 -1.49e-03 -2.70e-06
1000 GeV 5.47e-01 -1.30e-03 -2.57e-06
5000 GeV 3.63e-01 -3.92e-04 -2.73e-06
σ(log10
(
Eem
Eγ
)
) p0 p1 p2
50 GeV 2.79e-01 -6.29e-04 1.68e-06
100 GeV 3.38e-01 -6.84e-04 1.36e-06
500 GeV 7.29e-02 1.84e-04 3.58e-07
1000 GeV -1.05e-01 6.84e-04 -7.21e-08
5000 GeV -1.65e-01 7.33e-04 -1.61e-07
〈log10
(
Eem
Ep
)
〉 p0 p1 p2
50 GeV -2.93e-02 -3.90e-03 -
100 GeV 2.51e-01 -4.01e-03 -
500 GeV 7.14e-01 -4.47e-03 6.92e-07
1000 GeV 6.49e-01 -3.84e-03 2.87e-07
5000 GeV 2.57e-01 -1.73e-03 -1.11e-06
σ(log10
(
Eem
Ep
)
) p0 p1 p2
50 GeV 2.19e-01 9.64e-04 -
100 GeV -1.14e-02 1.19e-03 -
500 GeV 1.55e-01 4.63e-04 2.36e-07
1000 GeV -4.82e-03 9.17e-04 -1.98e-07
5000 GeV -3.45e-01 1.63e-03 -7.26e-07
Table 1 Fit results to parameterise the distributions of Eem
as a function slant depth. Listed are the parameters from a
polynomial fit f(Xsl) = p0 + p1Xsl + p2X2sl, where Xsl is the
slant depth, and f is given in the first column of the header
of each sub-table.
a given energy for gamma and proton primaries and the
selected slant depth.
In Tables 2 and 3 we include the fit parameters from
Figure 9. These parameters can be used to estimate
shower sizes as a function of slant depth. Especially for
low energy results, it is not wise to extrapolate these
functions outside the range indicated in Figure 9.
Eγ p0 p1 p2
50 GeV: -2.36e+02 1.11e+00 -8.97e-04
100 GeV: -3.11e+02 1.16e+00 -7.87e-04
500 GeV: 6.68e+01 -2.98e-01 4.63e-04
1000 GeV: 1.99e+02 -7.18e-01 7.53e-04
5000 GeV: 1.06e+02 -3.86e-01 4.09e-04
Table 2 Best fit parameters for the function r50(Xsl) = p0+
p1Xsl + p2X2sl for γ-ray initiated air showers. Xsl is the slant
depth.
11
Ep p0 p1 p2
50 GeV: 1.75e+01 - -
100 GeV: 1.75e+01 - -
500 GeV: 1.75e+01 3.01e-01 -8.54e-05
1000 GeV: -1.14e+01 1.60e-01 1.21e-04
5000 GeV: 1.68e+02 -5.68e-01 6.16e-04
Table 3 Best fit parameters for the function r50(Xsl) = p0+
p1Xsl+p2X2sl for proton initiated air showers. Xsl is the slant
depth.
